Improving aggregate formation and stability of bauxite residue is essential for the development of 8 a soil on the residue. Effects of gypsum and vermicompost on related chemical and physical conditions 9 of bauxite residue were studied in a laboratory incubation experiment. Addition of gypsum at 2% and 10 4% w/w reduced pH and exchangeable sodium percentage, whilst increasing exchangeable calcium 11 content. Addition of vermicompost reduced bulk density, whilst significantly increasing porosity and
INTRODUCTION 1
Management and disposal of mine tailings and mineral processing residues are critical issues 2 worldwide (Smart et al., 2016) . Bauxite residue is produced in alumina refineries by the Bayer process 3 in which Al-containing minerals (e.g. bauxite) are dissolved in hot NaOH (Kong et al., 2017a ).
4
Globally, the inventory for bauxite residue has reached an estimated 4 billion tons, and this is rapidly 
13
Seeding or planting seedlings directly into newly stacked residues generally fails due to its high 14 pH, salinity and exchangeable sodium concentrations (Wehr et al., 2006; Goloran et al., 2016) .
15
Gypsum, compost, biosolids, soil materials (e.g. subsoil, sewage sludge), and combinations of these 
19
(2012) noted that addition of compost to residue sand may improve its chemical properties as a growth 20 medium. Kaur et al. (2016) found that the application of nitrogen fertilizer may improve bauxite 21 residue characteristics for kikuyu grass growth, and the leaching of excess salts and alkalinity from the 22 residues enhanced N uptake by the grass.
23
The processes of soil genesis and formation should be critically considered in order to reconstruct 24 an ecosystem rather than just vegetation establishment (Biederman et al., 2008; Santini et al., 2015;  25 Courtney et al., 2009; Courtney et al., 2013) . Environments such as mine wastes are usually physically 26 degraded with high bulk density, low organic carbon content, poor aggregate structure and low erosion 27 resistance, and these parameters are useful for evaluating soil physical quality in order to assess the 28 process of restoration (Asensio et al., 2013) . Zhu et al. (2016b) properties of bauxite residue following addition of gypsum and vermicompost, 2) to investigate the 5 effects of amendments on aggregate size distribution of the residues and 3) to evaluate the effects of 6 gypsum and vermicompost on aggregate stability and aggregate morphology of the residues.
7

MATERIALS AND METHODS
8
Materials
9
Freshly deposited bauxite residue was collected from a disposal area in Central China (35º24'N,
10
113º25'E) during August 2015. The climate is temperate continental monsoon, with a mean annual 11 daily temperature of 12.8℃-14.8℃. Average annual rainfall ranges from 600 mm to 1200 mm. The
12
residues were sampled to a depth of 20 cm, stored in polyethylene bags, returned to the laboratory, air 13 dried for 2 weeks, sieved to <2 mm and homogenized prior to amendment.
14
Gypsum was obtained from a plant in Hubei Province and the particles ranged from 0.02-0.25 mm.
15
Gypsum contained 80% (w/w) calcium sulfate. pH was approximately 2.86 and EC (electrical 
17
Vermicompost was collected from a farm in Jiangsu Province. The compost was produced by the 18 decomposition of cow dung through earthworm activity. The compost had a pH of 6.5, 30.7% organic 19 carbon, 1.8% nitrogen, 1.5% phosphorus and 0.2% potassium.
20
Experimental design
21
Bauxite residue was amended with three concentrations of gypsum (0, 2% and 4% w/w) which
22
were designated as B, BG1 and BG2, respectively, and/or three concentrations of vermicompost (0, 4%
23
and 8% w/w) which were designated as B, BF1 and BF2, respectively. Each treatment was carried out 
34
(Malvern Instruments Ltd., UK) (Santini & Fey, 2013 
4
Organic carbon was oxidized by potassium dichromate and total organic carbon (TOC) was 5 determined by ultraviolet spectrophotometry (Yilmaz, 2014) . Chemical phases of the materials were 6 characterized by X-ray powder diffraction (XRD). Residue samples were oven-dried at 60 ℃ and 7 passed through a 300-mesh sieve prior to X-ray powder diffraction analysis conducted on a Bruker D8 8 discover 2500. X-ray diffraction patterns were collected from 10º to 80º at a step size of 0.04º2θ 9 with a scan rate of 1º2θ/min. The PANalytical analysis package was used to identify and quantify
10
phases of the residues (Kong et al., 2017b) .
11
Aggregate stability analysis
12
As previous research assessed aggregate stability of unamended residues using the modified Le
13
Bissonnais' (LB) method, this was selected here to test aggregate stability of amended residue samples 14 (Zhu et al., 2016d) . This method combined three disruptive tests: fast wetting (FW), slow wetting (SW)
15
and wet stirring (WS) ).
16
For the FW test which was sensitive to the slaking process, 1-2 mm residue aggregates (6 g) were
17
quickly immersed in deionized water for 10 min. For the SW test, which determined aggregate 18 sensitivity for differential clay swelling, 1-2 mm residue aggregates (6 g) were placed on filter paper 
24
Mean weight diameter (MWD), geometric mean diameter (GMD) and the erodibility factor (K)
25
were selected as the parameters to evaluate aggregate stability and erosion resistance of the treated 26 residues. The three parameters were calculated using the following equations (Le Bissonnais, 1996):
1.675 7.954 0.0017 0.0494 exp 0.5 0.6986 
6
The two indicators were positively correlated to microaggregate stability of residue samples (Mbagwu
7
& Auerswald, 1999). MWDm was calculated using equation (3) and aggregated silt and clay (ASC) was 8 calculated using the following equation:
10
It is noteworthy that the greater the value of MWDm or ASC, the greater the microaggregate 11 stability of bauxite residues (Monreal et al., 1995) .
12
Morphological analysis
13
Micro-morphological analysis of macroaggregates (2- 
16
Compared to BG1, addition of vermicompost (BF1 or BF2) revealed a low EC but a high ESP. This 
21
Addition of vermicompost significantly reduced bulk density and increased total porosity of 22 bauxite residue and at higher rates the change was more obvious (Table 1) . Changes in bulk density and 
27
bulk density and the highest mean total porosity occurred when the most vermicompost was added.
28
Total organic carbon content increased with compost addition rates; TOC content ranged from 3.54 to 
31
(2012) investigated the effects of organic amendments on the properties of gypsum-treated residue, and
32
also found that addition of compost increased exchangeable Mg 2+ and K + .
33
Unamended residue had a high pH, ESP, and bulk density with a poor structural substrate (Gräfe 
35
The combined addition of gypsum and vermicompost increased the proportion of sand-size particles
36
and changed the texture of the residues. Furthermore, the combination changed bulk density, porosity 
4
With addition of gypsum (BG1), the proportion of 2-1 mm aggregates increased from 1.04% and 5 3.27%, whilst the proportion of 1-0.25 mm aggregates decreased slightly from 7.89% to 7.54%.
6
Addition of vermicompost increased the proportion of 2-1 mm aggregates (1.04% to 4.31%) and 1-0.25 7 mm aggregates (7.89% to 8.63%). Compared to gypsum addition, the residue had a higher proportion 8 of water-stable aggregates (0.25-2 mm) following addition of vermicompost, which indicated that 9 vermicompost may have a more positive effect on water-stable macroaggregate formation.
10
The combination of gypsum and vermicompost had a significant effect on aggregate size 
22
The modified Le Bissonnais' method showed significant differences in MWD of the residues (Fig.   23 3 
8
The erodibility factor (K) is usually used to assess soil erosion resistance (Wang et al., 2013 improving plant growth on ameliorated residues, which was in accordance with this study.
34
Residue microaggregate formation
35
The <20 µm residue aggregates were the main proportion, which accounted for more than 68% of 36 the total weight in unamended residue (B) ( Table 2 ). Microaggregate fractions in unamended residue 37 increased in the following order: 10-5 µm>20-10 µm >5-2 µm >50-20 µm >250-50 µm. The <2 µm 38 aggregates were the smallest proportion, accounting for only 1.2%. Addition of gypsum increased 39 the proportion of 250-50 µm and 10-5 µm aggregates. In BG2, the proportion of 250-50 µm 40 aggregates increased from 11.2% to 11.5%, whilst the proportion of 10-5 µm aggregates increased 41 from 24.6% to 25.2%. Addition of vermicompost significantly increased the proportion of 250-50 42 µm aggregates. In BF2, the proportion of 250-50 µm aggregates increased to 14.2%, which was9 greater than that from addition of gypsum. This indicated that organic carbon was more efficient 1 for the formation of large microaggregates. Compared to the addition of vermicompost, the 2 combination of vermicompost and gypsum had a slight effect on the increased proportion of 50-10 3 µm aggregates, which indicated that gypsum may have more effect on the aggregation of 50-10 4 µm particles. 5
Mean weight diameter (MWDm) and aggregated silt+clay (ASC) were selected as indicators to 6 evaluate residue microaggregate stability following the treatments. High values of MWDm and ASC 7 indicated MWDm of the residues ranged from 2.95 to 3.41 mm, whilst the value of ASC ranged from 8 17% to 24% (Fig. 4) . This showed that gypsum and/or vermicompost addition may enhance 9 microaggregate stability of bauxite residue. As can be seen, gypsum had a positive effect on the value 
20
Residue micromorphology
21
As gypsum and vermicompost had positive effects on residue aggregation, residue specimens of B,
22
BG1 and BG1F2 were selected to investigate the changes of aggregate structure and elemental 
20
Other organic wastes such as straw (paddy or wheat), bagasse, or biosolids could also be applied to the 21 residues and may therefore be considered as a promising way forward. 
22
CONCLUSIONS
